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The soft phonon modes, which are related to the 
normal-incommensurate phase transition at Ti = 294 K and the 
lowest-temperature phase transition at T3 = 66 K in Rb2CoCl4, have 
been measured by inelastic neutron scattering. For the 
normal-incommensurate phase transition, the phonon dispersion 
curves have been determined in the low-temperature commensurate 
phases, and the phase mode has been observed far below Ti. The soft 
mode is fully overdamped above Ti. Moreover, another soft phonon 
mode, which contributes to the phase transition at T3, has been 
observed. Furthermore, the space group of the lowest phase is 
directly confirmed to be C1c1 by verifying extinction rules of X-ray 
diffraction. It has been recognized that the ratio of the ionic radius 
of A+ to the average bond length B−X in the tetrahedral BX42− ion 
can control the phase transition sequence. Rb2CoCl4 belongs to the 
group in which this ratio is in the range from 0.69 to 0.85, and the 
transition temperature decreases loosely with increasing the lattice 
parameter ratio c0/a0, where a0 and c0 are the lattice parameters of 








1.  Introduction 
 Rubidium tetrachlorocobaltate, Rb2CoCl4, belongs to a family of A2BX4-type crystals with 
the β-K2SO4 type structure such as Rb2ZnCl4.1–4) Three phase transitions are observed at 
temperatures Ti = 294 K, TC = 192 K, and T3 = 66 K. The observed phases are summarized as 
follows: phase I (T > Ti, normal phase, space group: Pmcn, Z = 4, a0, b0, c0), phase II (Ti > T > 
TC, incommensurate phase, a0, b0, ∼3c0), phase III (TC > T > T3, P21cn, Z = 12, a0, b0, 3c0), 
and phase IV (T < T3, C1c1, Z = 48, 2a0, 2b0, 3c0), where a0, b0, and c0 are the lattice 
parameters of phase I. An extra anomaly of the dielectric constant has been observed at 20 K 
recently.4) 
Among the A2BX4-type crystals, the soft phonon mode was observed clearly in K2SeO4 
both above and below the normal-incommensurate (N-INC) phase transition point by inelastic 
neutron scattering.5, 6) That is to say, the transition type of K2SeO4 is interpreted as a 
displacive one. On the other hand, the soft mode above the N-INC transition temperature was 
not observed in Rb2ZnBr4,
7) Rb2ZnCl4,
8) or K2ZnCl4.
9) Therefore, it has been considered that 
the transition type is an order-disorder one. However, the Raman active modes were observed 
to soften below the N-INC transition point.10–14) According to this evidence, it was assumed 
that a crossover between the displacive and the order-disorder regions occurred.9,13,14) 
An empirical law between the pressure coefficient dT/dp of transition temperature and the 
mechanisms of the ferroelectric phase transition has been pointed out by Samara.15) For 
example, displacive type transitions in ABO3 perovskite crystals have a negative coefficient, 
Whereas order-disorder type transitions in TGS, Rochelle salt, and KNO3 have a positive 
coefficient.15) Furthermore, Gesi discussed the relationship between the N-INC phase 
transition temperature Ti and the pressure coefficient for various A2BX4-type crystals with the 
β-K2SO4 type structure.3) According to his proposition, the change in the pressure coefficient 
dTi/dp with increasing Ti was related to the transition mechanism. An underdamped soft mode 
was observed in K2SeO4, which has the lowest Ti (= 130 K) among the A2BX4-type crystals 
and a negative pressure coefficient of −73 K/GPa.16) Furthermore, the soft modes in K2SeO4 
showed strong hardening below Ti, and the scattering intensity of the soft mode increased 
rapidly with decreasing temperature.17) On the other hand, in Rb2ZnCl4 (Ti = 302 K, dTi/dp = 
3.5 K/GPa), Rb2ZnBr4 (347 K, 58 K/GPa), and K2ZnCl4 (553 K, 110 K/GPa), which have 
positive coefficients,18,19) well-defined soft modes have not been observed in the normal 
phase.7–9) The soft modes showed weak hardening far below Ti in these compounds. Thus, the 
order-disorder nature becomes remarkable as the transition temperature Ti increases, which 




In Rb2CoCl4, the pressure coefficient is -12 K/GPa, which is rather small and negative.
3) 
Therefore, we expect that the underdamped soft modes will be observed in the normal phase, 
which will provide additional information about the N-INC phase transition. Incidentally, two 
low-energy modes, which were dependent on temperature, were observed below Ti by Raman 
scattering.2) However, the phase mode was not yet observed because of the low-frequency 
limit of the measurements and no measurement below 90 K. In addition, the behavior of 
phonon modes above Ti has not been reported.  
In this paper, we will report on the soft mode behavior in Rb2CoCl4 examined by the 
inelastic neutron scattering technique. The soft modes are measured in order to clarify the 
mechanism of the N-INC phase transition at Ti and to characterize the phase III - phase IV 
transition at T3. The change in extinction rules of low-temperature phases is investigated by 
X-ray scattering, because some of the A2BX4-type crystals, Rb2ZnBr4
21) and Rb2CoBr4,
22) 
undergo another type of phase transition from a ferroelectric phase III to a rare phase IV. 
Incidentally, the extra extinction rule, which is explained by elements of extra symmetry 
operations, exists in phase IV of Rb2ZnBr4 and Rb2CoBr4. Finally, the relationships between 
the N-INC phase transition and the crystal character are discussed in the final section from the 
viewpoints of the ratio of the ionic radius of A+ to the average bond length B−X in the 
tetrahedral BX4




Single crystals of Rb2CoCl4 were grown by the Bridgman method from melt.
23,24) The 
starting materials were commercial powders of RbCl of 99% purity and CoCl2 of 99.9% 
purity supplied by Soekawa Chemicals Co., Ltd. The obtained crystals were cobalt blue in 
color and transparent and showed poor cleavage perpendicular to the b-axis. 
In order to investigate a soft phonon mode, that contributes to the N-INC phase transition, 
triple-axis spectrometers C1-1 and 4G, installed in the guide hall and reactor hall, respectively, 
at the JRR-3M reactor of the Japan Atomic Energy Research Institute (JAERI), Tokai, were 
used for neutron scattering. In the C1-1 spectrometer, energy scans were carried out with a 
fixed incident neutron beam of ki = 1.55 Å
−1 with a pyrolytic graphite PG002 monochromator 
and a PG002 analyzer for obtaining high-energy resolution. These systems were employed for 
measuring low-energy excitations below 3 meV. In the 4G spectrometer, a fixed incident 
neutron beam of ki = 2.664 Å
 −1 was used for measuring high-angle reflections and 
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high-energy excitations. The used conditions were the following: PG002 monochromator, 
PG002 analyzer, PG filter, and 40’-40’-40’-40’ collimation. On the other hand, in order to 
investigate the soft phonon mode, which contributes to the phase III - phase IV transition, a 
triple-axis spectrometer T1-1 installed in the guide hall at JAERI was used. The used 
conditions were the following: an incident beam of ki = 2.558 Å
 −1, PG002 monochromator, 
PG002 analyzer, PG filter, and open-40’-60’-60’ collimation. In all spectrometers, a crystal of 
about 3 cm3 size was mounted in an aluminum can filled with helium gas and set in a 
closed-cycle refrigerator that was cooled by cryogenics below room temperature, or in an 
electric furnace for measuring above room temperature. Data were collected in the (a∗, c∗) or 
(a∗, b∗) scattering plane, and the measurements of phonon dispersion were performed along 
the line 200-202 for C1-1, the lines 200 - 202 and 400 - 402 for 4G, and the lines 420 - 510 
and 360 - 270 for T1-1. 
The X-ray diffraction measurements were performed by using a four-circle diffractometer 
(Huber 422+511.1) attached to a rotating-anode-type generator (Rigaku RU-300) with an 
X-ray power of 50 kV × 150 mA. For the investigation of extinction rules and the 
measurements of peak intensities, the incident beam (Mo-Kα) was monochromated by 
pyrolytic graphite (HOPG) to increase the reflection intensity.  
 
3.  Results 
Figure 1 shows the results of typical energy scans with constant Q at 
3
420  well below the 
N-INC phase transition temperature Ti by the use of 4G. Two modes are observed as indicated 
by arrows at 10 K. One is a temperature-independent 4.7 meV mode, which is interpreted to 
be an optical mode characterized by the zone folding back of the dispersion.6) Another peak 
observed clearly below 80 K is a temperature-dependent mode, which is recognized as the 
phase mode from the behavior of dispersion.6,14) The observed phonon peaks except for the 
quasi-elastic scattering were fitted to two Lorentzian-type cross sections convoluted with the 
instrumental resolution function. On the other hand, neither the amplitude mode nor another 
soft mode was observed in our study.2,10-14) The temperature dependences of observed mode 
energies at 
3
420  are shown in Fig. 2. Full circles and full triangles are neutron data points for 
phase and 4.7 meV modes, respectively. Furthermore, open circles show the Raman spectra 
for a totally symmetric mode, which corresponds to the amplitude mode reported previously.2) 
This figure indicates that the phase mode is underdamped in the low-temperature region. 
The phonon dispersion curves are shown in Fig. 3 in an extended zone scheme along the (0 
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0 ξ) direction at 10 K, 20ξ: 
3




1   , and 20ξ: 1
3
2    by the use of 4G 
and C1-1.6) In the vicinity of 
3
2= , the phase mode and TA branches are clearly observed, 
because the 
3
2=  point becomes equivalent to a Γ point, and the reflections 20
3
2  and 20
3
4  
are strong superlattice reflections below TC. Although it is expected that the dispersion curves 
in the periodic zone scheme should be periodic,6) some parts of branches were so broad and 
weak that it was difficult to observe the whole branches. In Fig. 3, the clearly observed peaks 
are plotted. 
Figure 4 shows the phonon dispersion curves along the (0 0 ξ) direction in the normal phase. 
Although the behavior of the phonon dispersion was clearly observed, no softening of the 
branch was observed at approximately
3
2= , where the softening was reported in the case of 
K2SeO4.
5) Furthermore, we could not observe the anticrossing of the acoustic branch with an 
optic one in Fig. 4. With increasing temperature, the slope of the branch decreases slightly, 
indicating the decrease in the elastic constant as the crystal approaches the melting point. The 
remarkable quasi-elastic diffuse scattering at approximately 
3
2=  was also observed in the 
normal phase of Rb2CoCl4 and it is similar to that of Rb2ZnBr4.
14) 
Figure 5 shows the phonon dispersion curves in an extended-zone scheme along the (ξ ξ 0) 
direction above the phase transition temperature T3 = 66 K. A transverse optic mode is 
degenerate with a transverse acoustic branch at the zone-boundary S point, ξ = 
2
1 . It is clear 
that this mode softens in the vicinity of the S point with decreasing temperature. However, it 
was difficult to observe the mode below T3 because the mode became so broad and weak 
around the S point. 
Figure 6 shows the temperature dependence on cooling of the integrated intensities I of the 
superlattice reflections +
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1 , and the Bragg reflection 180 determined by 
X-ray scattering experiments, where indices are referred to the normal phase. The temperature 
dependence of I can be fitted to the relation  
( ) 2i TTI −  or ( )
2
3 TTI − .    (1) 
The fitted relation is shown by a solid line. The values of critical exponent β are 0.40 for the 
+
3




1  reflection, and 0.43 for the 180 reflection. These 
critical exponents β are not close to the mean field value of β = 0.50 but rather closer to the 
three-dimensional Ising exponent (β = 0.33) or critical exponent in K2SeO4 (β = 0.40).5) The 
misfit parameter δ is about 0.02 at 290 K.1) Although the misfit parameter δ decreased to zero 
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discontinuously at the look-in temperature TC, the integrated intensity increases continuously. 
Note that the angles α, β, and γ were 90◦ within the experimental error in phase IV, and we did 
not recognize any thermal hysteresis between the heating and cooling processes. Although a 
slight dielectric anomaly was reported at 20 K,4) no anomaly of the intensity distribution nor 
change of extinction rules was found at approximately 20 K in this study. 
 
4.  Discussion 
4.1 Structures and phase transitions in Rb2CoCl4 
The phase mode of Rb2CoCl4 was observed clearly on the (a∗, c∗) scattering plane in the 
low-temperature commensurate phases by the inelastic neutron scattering, compared with the 
cases of Rb2ZnBr4
14) and Rb2ZnCl4.
 8) On the other hand, the amplitude mode, which was 
already reported as the Raman spectra for a(cc)b and b(aa)c geometries,2) was not detected in 
Rb2CoCl4. Furthermore, the softening of an optic branch was not observed at high 
temperatures above Ti, and the soft mode was fully overdamped above the N-INC phase 
transition. These inelastic neutron scattering measurements reveal that the behaviors of 
phonon modes both above and below the N-INC phase transition point of Rb2CoCl4 were 
similar to those of Rb2ZnCl4, Rb2ZnBr4, and K2ZnCl4. Although the pressure coefficient 
dTi/dp of Rb2CoCl4 is small but negative like that of K2SeO4, the order-disorder nature 
appears remarkably. 3) 
In the (a∗, b∗) scattering plane, the frequencies of the degenerate mode, which contribute to 
the phase transition, tends to zero upon approaching T3. Although we could not observe clear 
modes around the S point below T3, we can predict the existence of two modes as in the case 
of Rb2ZnBr4.
21) 
The Bragg reflections at the position hk0: h+k = 2n+1 in Rb2ZnBr4 and Rb2CoBr4 did not 
appear below T3. However, these Bragg reflections appear in Rb2CoCl4, and their intensities 
increase with decreasing temperature.21,22) Therefore, the following extinction rules are 
confirmed in phase IV: reflections hs0ls and hsksls are absent when ls = 2n+1 and hs+ks = 2n+1, 
respectively, under the 2a0×2b0×3c0 superlattice cell, where the Miller indices hs, ks, and ls are 
referred to the superlattice cell. From group theoretical considerations, Dvorak and Kind 
showed that three space groups, P11b, C1c1, and P1, are possible for such cases.25) The space 
group of phase IV is C1c1 with Z = 48, considering the observed extinction rules and the 
existence of spontaneous polarization.2,4,25) It was found that Rb2CoCl4 undergoes the same 
series of successive phase transitions as many A2BX4-type ferroelectrics such as Rb2ZnCl4, 
K2ZnCl4, and K2CoCl4. 
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Important results of the lattice dynamics calculations are follows: in all cases, the unstable 
or soft phonon branch is either optical or the results of the anticrossing of an optical branch 
with an acoustic one takes place.26,27) Indeed, in the case of K2SeO4, the clear softening of the 
Λ2 branch causes the anticrossing of the acoustic branch with an optical one, the unstable or 
soft branch being essentially the prolongation of the lowest Λ2-Λ3 optical branch.5,6) 
Furthermore, the behaviors of the lowest Λ2-Λ3 optical branches of Rb2SeO4 and K2CrO4 are 
similar to those of K2SeO4, where the mode softens slightly with decreasing temperature, 
although the frequency remains finite at very low temperatures.28–30) In the case of Rb2CoCl4, 
we could not observe either the anticrossing or the softening above Ti (see Fig. 4). 
 
4.2 Grouping of A2BX4-type crystals 
It has been reported that many of the A2BX4-type crystals have the β-K2SO4 type structure 
at high temperatures. However, these crystals do not necessarily undergo the same succession 
of phase transitions. It has been recognized that the ionic radius of A+, r(A), and the average 
bond length B−X in the tetrahedral BX42− ion, r(BX), can control the phase transition 
sequence. 31,32) A2BX4-type crystals can be loosely classified into three main groups from the 
ratio  
 = r(A)/ r(BX)     (2) 
as follows. 
The grouping of A2BX4-type crystals with important parameters is shown in Table I. 
Group I.  When the ratio  is below 0.69, the Sr2GeS4-type structure (space group P21/m) 
in the -sequence is stable, and many compounds with relatively large ratios perform α-β 
transitions, for example, K2ZnBr4, K2CoBr4, and Rb2ZnI4.
31,32) These compounds take the 
β-K2SO4 type structures in the -sequence at high temperatures. 
Group II.  When the ratio  is less than 0.85 beyond 0.69, all compounds have the normal 
phase (space group Pmcn) as the highest-temperature phase. In addition, it is divided into the 
following two groups.  
Group II-a. As the temperature decreases, the compounds transform into the 
threefold-modulated ferroelectric phase (space group P21cn) via the incommensurate phase 
with modulation along the c-axis. Typical compounds are Rb2ZnCl4, Rb2ZnBr4, and K2ZnCl4. 
Rb2CoCl4 also belongs to group II-a. 
Group II-b. As the temperature decreases, the compounds transform into the different 
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successive phase transitions, and the structures of each phase are not the same in contrast to 
those of the compounds that belong to group II-a. Here, the transition temperature at phases I 
– to - II is denoted as TI-II. Furthermore, some compounds have no transition and retain the 
orthorhombic structure (space group Pmcn) down to 0 K. Typical compounds in group II-b 
are Cs2ZnCl4, Cs2ZnI4, and Cs2CdBr4. 
Group III. When the ratio  is more than 0.85, all compounds have the hexagonal structure 
(-K2SO4 type structure, space group P63/mmc) in the highest-temperature phase. All 
A2BO4-type oxides (X = O) belong to this group. Although K2SeO4 and Rb2MoO4 have the 
N-INC phase transition, the other oxides retain the β-K2SO4 type structure down to 0 K and 
have a hypothetical phase transition temperature below 0 K.27, 33) Incidentally, a softening 
tendency of the Λ2 phonon branch, which is similar to those for K2SeO4, was observed as 
evidence of the hypothetical transition in Rb2SeO4 and K2CrO4.
28-30) It is considered that the 
transition corresponds to the N-INC phase transition of K2SeO4 and Rb2MoO4. 
Here, the lattice parameter ratios c0/a0 and c0/b0 in phase I (space group Pmcn) are adopted 
as additional parameters for groups II and III, where the c-axis is a pseudo-hexagonal axis and 
b0 3 a0 (See Table I). Crystals in groups II and III have the same standard structure (space 
group Pmcn) and they have almost the same ratios c0/b0 and c0/a0. Furthermore, the difference 
in size of the lattice parameters between groups II and III is related to the change in the slope 
of the TA phonon. In general, the slope at the  point (ξ = 0) is large when the lattice 
parameter is small. As a result, an existence of the phonon mode softening and the 
anticrossing are caused in this case.  
According to the rigid body motion analysis and Brown theory,34,35) the A(1) 
(11-coordinated site) ion is the main one that produces the different transitions, and the 
rotation of the tetrahedral BX4
2− ion around the a-axis is important to remain the 
orthorhombic structure (space group Pmcn). It contributes to changing the lattice parameter 
ratios c0/a0 ( 3 c0/b0) and c0/b0. Figure 7 shows the relationships between lattice parameter 
ratios c0/a0 and c0/b0, and between the ratio c0/a0 and phase transition temperatures of 
A2BX4-type crystals, which belong to group II. The high-temperature normal phase (phase I) 
of this group has the same orthorhombic structure (space group Pmcn). All transition 
temperatures Ti, TC, T3, and TI-II decrease loosely with increasing lattice parameter ratio c0/a0.  
Although the successive phase transitions in group II are not completely the same, it turns 
out that a certain rule is also generally followed. The loss of transition in some cesium 
compounds, Cs2ZnBr4, Cs2ZnCl4, and Cs2CoCl4 (c0/a0 > ~1.32), can therefore be explained 
9 
 
using the plot of the cell parameter ratio c0/a0 versus transition temperatures Ti and TI-II. 
Recently, we have revealed that Rb2MoO4 is the second example that possesses the N-INC 
phase transition in A2BO4-type crystals (group III),
33) and the new phase transition is expected 
as a displacive-type transition with a typical soft phonon mode. Furthermore, various studies 
on the N-INC phase transition in Rb2MoO4 are now in progress. 
In this report, we have confirmed the phase mode, which is related to the N-INC phase 
transition, in the low-temperature commensurate phase. Although we expected the existence 
of the underdamped soft modes in the normal phase, such softening behavior was not 
observed. Therefore, the mechanism responsible for the N-INC phase transition of Rb2CoCl4 
is similar to that of Rb2ZnCl4, Rb2ZnBr4, and K2ZnCl4.  
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Fig. 1.  Neutron scattering spectra at 
3
420  at 200, 100, 80, 50, 30, and 10 K. Two modes, 
which are indicated by arrows, are resolved: the lower-frequency peak is the phase mode, and 
the upper one is the temperature-independent mode. 
 
 
Fig. 2.  Temperature dependence of observed mode energies at 
3
420  below Ti. Fulled 
circles and triangles are neutron data for phase and 4.7 meV modes, respectively. Open circles 
show amplitude mode observed by Raman spectroscopy in Ref. 2. Solid and broken lines are 
just guides to the eye. 
 
Fig. 3.  Phonon dispersion curves in an extended zone scheme along the (0 0 ξ) direction at 
10 K in the low-temperature commensurate phase. The solid lines are guides to the eye. 
 
 
Fig. 4.  Phonon dispersion curves along the (0 0 ξ) direction at 300, 400, and 500 K in the 




Fig. 5.  Phonon dispersion curves along the (ξ ξ 0) direction above T3. The solid lines are 
guides to the eye. 
 
 
Fig. 6.  Temperature dependences of the integrated intensities of the superlattice reflections 
+
3




1 , and the Bragg reflection 180 on cooling. 
 
 
Fig. 7.  (Color online) Relationships between the lattice parameter ratios c0/a0 ( 3 c0/b0) 
and c0/b0, and between the ratio c0/a0 and phase transition temperatures of A2BX4-type 
crystals, which belong to group II. (a) The solid line represents the hexagonal lattice metric 
1/ 3 . The dotted lines in parallel with the solid line are guides to the eye, which are drawn to 
cover the experimental results. (b) Only the highest transition temperature TI-II is shown for 








Table I.  Grouping of A2BX4-type crystals. Here,  (= r(A)/r(BX)) stands for the ratio of 
the ionic radius of A+ to the average bond length B−X in the tetrahedral BX42− ion in Refs. 
31 and 32. Rb2CoCl4 belongs to group II-a. 
 
 A2BX4-type (X=Br, Cl, I and O) 
 A2BX’4-type (X’=Br, Cl and I) A2BO4-type 
Group 
I II III 
 II-a II-b  
  ~ 0.69 0.69  ~  0.85 0.85 ~ 1.30 
c0/a0 − 1.23 ~ 1.28 1.28 ∼ 1.33 1.26 ~ 1.34 
(c0/b0) − (0.72 ~ 0.73) (0.73 ∼ 0.76) (0.72 ~ 0.76) 
a0 [Å] − 7.2 ~ 7.7 7.4 ∼ 8.3 5.7 ~ 6.6 
N-INC phase transition No Yes Yes / No Yes 
Anticrossing − No − Yes 
Soft mode − No − Yes 
Characteristic − 
order-disorder (Ti < T) 
displacive (Ti > T) 
− displacive 
Typical crystals K2ZnBr4 Rb2ZnCl4 Cs2ZnCl4 K2SeO4 
 K2CoBr4 Rb2ZnBr4 Cs2ZnI4 Rb2MoO4 
 Rb2ZnI4 K2ZnCl4 Cs2CdBr4 Rb2SeO4 
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Fig. 3 
17 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 
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Fig. 5 
19 
 
 
 
 
 
 
 
 
 
Fig. 6 
20 
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